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Introduction

Cytokine theory of stress-associated mental disorders
Chronic psychosocial stress is a burden of modern society and has long been recognized as a risk factor for numerous somatic and affective disorders like inflammatory bowel disease (IBD) (Bitton et al., 2003; Levenstein et al., 2000) and posttraumatic stress disorder (PTSD) (Reber et al., 2016a) . While the underlying mechanisms are not yet fully understood, a considerable number of studies indicate that an increased immune activation represents a core feature for many stress-related disorders and might even be involved in disease pathogenesis (Gao et al., 2018; Lowry et al., 2016; Miller and Raison, 2016; Rohleder, 2014) . In support of the latter and considering that stress-associated mental disorders are more prevalent in urban versus rural areas (Peen et al., 2010) , healthy participants raised in an urban environment in the absence of pets relative to those raised in a rural environment in the presence of farm animals showed an exaggerated immune response to acute psychosocial stress (Böbel et al., 2018) . Moreover, subjects suffering from PTSD often are characterized by a failure in adequate immunoregulation (Sommershof et al., 2009 ) and a plethora of inflammatory comorbidities (O'Donovan et al., 2015) . Furthermore, the extent of stress-induced immune activation has been shown to be predictive for developing PTSD in humans (Eraly et al., 2014; Pervanidou et al., 2007) , as well as development of anxiety-like defensive behavioral responses (Hodes et al., 2014) , and impairment of fear extinction in mice (Young et al., 2018) .
Mycobacterium vaccae (s.c.) has immunoregulatory and stress-protective effects
Consistent with the aforementioned role of immune activation in the development of mood disorders, we have recently shown that immunoregulation induced by repeated subcutaneous (s.c.) immunizations with a heat-killed preparation of Mycobacterium vaccae (M. vaccae; National Collection of Type Cultures (NCTC) 11659), an abundant soil saprophyte with immunoregulatory properties, was able to prevent stress-induced anxiety, spontaneous colitis, and aggravation of dextran sulfate sodium (DSS)-induced colitis, in a murine model of PTSD (Reber et al., 2016b) . As shown previously using a mouse model of allergic airway inflammation (Zuany-Amorim et al., 2002) , s.c. administered M. vaccae mediated its immunoregulatory properties and, thus, stress-protective effects through induction of regulatory T cells (Tregs) and interleukin (IL)-10 secretion (Reber et al., 2016b) . Moreover, M. vaccae immunization in a Treg-independent manner reduced subordinate, flight, and avoiding behavioral responses to a dominant aggressor, indicating a shift towards more proactive stress coping (Reber et al., 2016b) . Independent of the beneficial effects of M. vaccae described above, M. vaccae immunization did not prevent the stress-induced development of a gut microbial milieu with inflammatory potential, but prevented the resulting immune activation normally associated with tissue damage, colitis, and development of a chronic anxiety/fear-like state. Moreover, immunization with M. vaccae did not affect stress-induced changes in the hypothalamic-pituitary-adrenal (HPA) axis (i.e. increased adrenal weight and adrenal in vitro adrenocorticotropic hormone (ACTH) insensitivity), suggesting that, although HPA axis changes may contribute to stress-induced exaggeration of inflammation, they do not mediate the protective effects of M. vaccae immunization.
The chronic subordinate colony housing (CSC) paradigm as mouse model of PTSD
To induce this PTSD-like phenotype, the chronic subordinate colony housing (CSC) paradigm, which is based on the chronic subordination of four male CSC mice towards a dominant resident male conspecific, was used (Füchsl et al., 2013; Füchsl et al., 2014; Langgartner et al., 2015) . Briefly, compared with single-housed controls (SHC), CSC mice avoid trauma-related external reminders, indicated by a lack of social preference towards unfamiliar male mice, and develop a long-lasting increase in general and social anxiety-related behavior and alcohol consumption/preference, hyperactivity, spontaneous colitis, and an aggravated DSS-induced colitis. CSC exposure is further associated with basal hypocorticism, increased dexamethasone suppression of ACTH, and increased HPA axis reactivity toward novel stressors. Importantly, CSC mice show a reduced number of Tregs (Schmidt et al., 2010) , likely contributing to the overall increased inflammatory state.
Intranasal administration as a non-invasive route to promote stress-resilience
Although M. vaccae has proven to be stress-protective when applied via the s.c. route, it remains unknown if M. vaccae also promotes stress-resilience when administered via the noninvasive intranasal (i.n.) route. In contrast to s.c. administration, i.n. administration more closely mimics the natural route of exposure to environmental microorganisms with immunoregulatory capacities. For example, mycobacteria are abundant in municipal showerheads, where they may be aerosolized (Gebert et al., 2018) and are a normal component of the healthy human microbiome of the oral cavity (buccal mucosa and dental plaque) and upper respiratory tract (nostrils and oropharynx) and, therefore, are considered part of the microbiome of the upper airways (Macovei et al., 2015) . Support for i.n. administered M.
vaccae to have stress-protective effects is provided by data showing that both i.n. (Hopfenspirger and Agrawal, 2002) and intragastric (i.g.) administration (Hunt et al., 2005) of M. vaccae, i.e. two mucosal routes of administration, were protective against allergic airway inflammation in a mouse model of asthma. Moreover, microfold cells (M cells) and dendritic cells (DCs), which are hypothesized to mediate M. vaccae effects in the intestinal mucosa (Chieppa et al., 2006; Coombes and Powrie, 2008; Fujimura, 1986; Rescigno et al., 2001) , are present and cluster together in the respiratory mucosa (Kim et al., 2011) and have been identified as gateways for inhaled antigens to affect immune signaling (Kim et al., 2011; Nair et al., 2016; Park et al., 2003) . Intranasal administration of different compounds has been further shown to induce immunoregulatory mechanisms in the lungs, thereby exerting protective effects in different animal models of inflammatory diseases (Gupta et al., 2012; Minne et al., 2007; Perdomo et al., 2016) .
Thus, in the present study, we tested whether repeated i.n. administration of M. vaccae prior and during CSC exposure ameliorates/prevents CSC-induced anxiety and aggravation of DSS-induced colitis.
Methods
Animals
Male C57BL/6N mice (Charles River, Sulzfeld, Germany) weighing 17-19 g (Experiment 1) or 19-21 g (Experiment 2) were used as experimental mice and male CD-1 mice (Charles River, Sulzfeld, Germany) weighing 30-35 g were used as dominant residents. All mice were kept in standard polycarbonate mouse cages (16 cm width × 22 cm length × 14 cm height) housed in a specific-pathogen-free (SPF) animal facility under standard laboratory conditions (12-h light-dark cycle, lights on at 06.00 h, 22
• C, 60% humidity) and had free access to tap water and standard mouse diet. All experimental protocols were approved by the Committee on Animal Health and Care of the local government and performed according to international guidelines on the ethical use of animals. All efforts were made to minimize the number of animals used and their suffering. Females were not used in the current study as the CSC paradigm is based on territorial aggression and the establishment of social hierarchies, which is not typically seen in female mice. The research described here was conducted in compliance with the ARRIVE Guidelines for Reporting Animal Research (Kilkenny et al., 2010) .
Experimental procedures
Mice in Experiment 1 (SHC, Veh, n=8; SHC, M. vaccae, n=8; CSC Veh, n=8; CSC M. vaccae, n=8) were housed in groups of four on the day of arrival (day -21), and received repeated i.n. (Reber et al., 2016b) . A 10 µl pipette tip was used, according to a procedure described previously (Lukas and Neumann, 2012) .
Chronic subordinate colony (CSC) housing procedure
The CSC paradigm was performed as described previously (Langgartner et al., 2015; Reber et al., 2007; Reber et al., 2008) . Briefly, on day 1 mice were weighed and assigned to either the single-housed control (SHC) or the CSC group, according to their body weight. SHC mice remained undisturbed for the duration of the experiment, except for changing the bedding once a week. To induce chronic psychosocial stress, four CSC mice were housed together with a dominant male CD-1 mouse for 20 consecutive days. To avoid habituation, CSC mice were transferred to the cages of new residents on day 8 and 15. Before the beginning of the CSC procedure, all potential dominant mice were tested to exclude the most aggressive individuals. Mice that started to injure their opponents by harmful bites were not used for the CSC procedure.
Elevated plus-maze (EPM)
To assess treatment (M. vaccae and/or CSC) effects on anxiety-related behavior, the EPM test was performed on day 19 of the CSC paradigm as previously described (Reber et al., 2007) . 
Open-field/novel object test (OF/NO)
To assess treatment (M. vaccae and/or CSC) effects on anxiety-related behavior, the OF/NO test was conducted on day 20 between 07:00 a.m. and 10:00 a.m. of the CSC paradigm as previously described Langgartner et al., 2015) . The test took place in a dedicated behavioral box inside the animal room where all animals were housed for the whole duration of the experiment. Briefly, the test arena (length: 45 cm; width: 27 cm; height: 27 cm; 350 lux) was subdivided into an inner (9 cm x 27 cm), and an outer zone. Within each trial, the mouse was placed into the inner zone and allowed to explore the arena for 5 min.
After 5 min of open-field exploration, a plastic round object (diameter: 3.5 cm; height: 1.5 cm) was placed in the middle of the inner zone. The mouse was then allowed to explore the arena containing the unfamiliar object for 5 min. In the OF/NO test, the distance moved by the animals was analyzed. Furthermore, in the NO test, the time spent exploring the object was analyzed. The test arena was cleaned thoroughly with water after each test. All parameters were analyzed using EthoVision XT (v11.5.1022; Noldus Information Technology, Wageningen, The Netherlands).
Social preference/avoidance test (SPAT)
To assess treatment (M. vaccae and/or CSC) effects on general and social anxiety, the SPAT was conducted on day 21 between 07.00 a.m. and 10.00 a.m. as described previously (Slattery et al., 2012) . The test took place in a dedicated behavioral box inside the animal room where all animals were housed for the whole duration of the experiment. Briefly, the experimental mouse was placed in the SPAT box (length: 45 cm; width: 27 cm; height: 27 cm; 20 lux) for 30 s to habituate to the unfamiliar environment before a small empty wire mesh cage (length:
8.5 cm; width: 7.5 cm; height: 6.5 cm) was introduced for 150 s. Afterwards, the empty cage was exchanged with an identical cage containing an unfamiliar male conspecific for another 150 s. The SPAT box could further be subdivided into two halves: the one containing the cage, known as cage zone, and the one on the opposite side, known as opposite half. The box was cleaned thoroughly with water before every test. Total distance moved, as well as the time spent in the cage zone and in the 6.75-cm broad zone around the wire mesh cage (direct contact zone), were recorded using EthoVision XT (v11.5.1022; Noldus Information Technology, Wageningen, The Netherlands).
DSS treatment
Immediately after the SPAT, on day 21, all experimental mice were housed singly and received 1% DSS (50 kDa; cat. no.16011036, MP Biomedicals) through their drinking water for 7 consecutive days (days 21-28). The DSS bottles were weighed at the beginning and at the end of the treatment and the amount of DSS consumed was calculated. As a rule, any mouse that had a DSS consumption exceeding the mean of its treatment group by 75% was excluded from subsequent analysis. Given that drinking behavior and, thus, overall DSS consumption varied between the groups all physiological and colitis-related data were corrected by the amount of DSS [g] consumed. RPMI was added to the stimulation condition wells at a final concentration of 1 µg/ml/well.
Isolation and incubation of mesenteric lymph node cells
After 48 h incubation (37 °C, 5% CO2), supernatants were removed and stored at -20 °C until interferon gamma (IFN-γ) and interleukin 10 (IL-10) concentrations were measured in the supernatants using a commercially available ELISA kit.
Enzyme-linked immunosorbent assay (ELISA) for assessment of IFN-γ and IL-10
secretion by isolated and anti-CD3/28 stimulated mesenteric lymph node cells in vitro IFN-γ concentration in the supernatants of anti-CD3/28-stimulated mesenteric lymph node cells was measured using a commercially available ELISA kit according to the manufacturer's protocol (IFN-γ, cat. no. DY485-05 DuoSet ELISA, R&D Systems Europe, Ltd., Abingdon, UK; IL-10, cat. no. DY417-05 DuoSet ELISA, R&D Systems Europe, Ltd., Abingdon, UK).
Determination of colon length and histological damage score of the colon
To assess CSC effects on intestinal inflammation, the colon was removed and after its length was measured it was mechanically cleaned of feces. To prepare histological sections, 1 cm of the distal third of the colon was cut longitudinally, cleaned from feces and fixed in 4%
formalin overnight. The next day, the fixed tissue was embedded in paraffin and cut longitudinally. Histological slides were obtained from the paraffin blocks, stained with hematoxylin-eosin and evaluated by histological scoring performed by an investigator blinded to treatment. Histological damage score was assessed as previously described (Reber et al., 2008) . Briefly, the scoring system ranges from 0 to 8 and represents the sum of the epithelium score (0: normal morphology; 1: loss of goblet cells; 2: loss of goblet cells in large areas; 3:
loss of crypts; 4: loss of crypts in large areas) and infiltration score (0: no infiltration; 1:
infiltrate around crypt bases; 2: infiltrate reaching to lamina muscularis mucosae; 3: extensive infiltration reaching the lamina muscularis mucosae and thickening of the mucosa with abundant edema; 4: infiltration of the lamina submucosa).
Statistics
For statistical comparisons, the software package IBM SPSS statistics (version 25.0) was used. For graphical illustration, the software package SigmaPlot (version 13.0) was used.
Kolmogorov-Smirnov test using Lilliefors` significance was employed to test normal distribution of all acquired data sets. Outliers in normally distributed data sets were identified using Grubbs' test (Grubbs, 1969) and excluded from further analysis. Normally distributed data sets were subsequently analyzed using two-way ANOVA (two factors, two or more independent samples) followed by post hoc analysis using Bonferroni pairwise comparison in case a significant main effect was found; in case of repeated measures, data were analyzed using a linear mixed model. Non-normally distributed data sets were analyzed using nonparametric statistics, i.e. Mann-Whitney U test (MWU; one factor, two independent samples) and Wilcoxon test (one factor, two dependent samples). Normally distributed data are presented as bar plots (mean + SEM). Non-normally distributed data are presented as box plots (median; mean; 10th, 25th, 75th and 90th percentile; outliers). The level of significance was set at p ≤ 0.05. Tendencies are reported in the graphs (i.e., p > 0.05 and < 0.06). Distance moved during OF ( Figure 2K ) and NO ( Figure 2L ) exploration, as well as time spent in the contact zone during NO exploration ( Figure 2M ) were neither affected by M. vaccae nor CSC.
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Discussion
In the present study, we provide the first evidence supporting the stress-protective role of repeated non-invasive i.n. M. vaccae administration in a mouse model of PTSD, although the effectiveness seems to strongly depend on the timing of administration. While i.n. M. vaccae administered prior to stressor exposure had only moderate to no colitis-protective effects, i.n.
M. vaccae administered during stressor exposure completely prevented CSC-induced aggravation of DSS-induced colitis. We previously showed that s.c. administration of M.
vaccae protects against stress-induced aggravation of DSS-induced colitis (Reber et al., 2016b ), but does not affect basal inflammatory processes. The moderate colitis-protective effect of i.n. M. vaccae administration prior to stress might be explained by the fact that the CSC administration protocol reliably aggravated DSS-induced colitis only in Experiment 2, when M. vaccae was given during CSC. Furthermore, as CSC did not reliably affect anxiety in mice pretreated with vehicle via the i.n. route, the stress-protective effects of i.n.
administered M. vaccae are difficult to interpret.
Effects of i.n. M. vaccae administration on anxiety-like behavior
In contrast to the protective effects of i.n. M. vaccae in terms of stress-induced aggravation of DSS-induced colitis, little can be said about the protective effects of i.n. M. vaccae administration on stress-induced general anxiety. In contrast to what we reliably detect in nontreated mice (Füchsl et al., 2014; Langgartner et al., 2017) , CSC in the present study was not able to reliably increase general and social anxiety, neither when i.n. Veh was given prior to CSC exposure nor when i.n. Veh was given during CSC exposure. This is likely due to the fact that the i.n. administration procedure requires immobilization of experimental mice and, thus, is per se stressful and anxiogenic, masking possible CSC effects on emotionality.
Support for the latter hypothesis comes from data showing that acute immobilization stress is able to increase anxiety-like behavior with a time-delay of about 10 days, measured as significant open arm avoidance in the EPM (Mitra et al., 2005) . This effect was paralleled by an up-regulated spine density on dendrites of basolateral amygdala neurons (BLA), which is believed to be a site for storage of fearful memories and/or stressful experiences LeDoux, 1993; Rogan et al., 1997; Schafe et al., 2001) . As these molecular and behavioral consequences of acute immobilization could be prevented by prior administration of low-dose corticosterone (Rao et al., 2012) , one possible option to prevent the anxiogenic effects of the administration procedure per se might be to administer Veh or M. vaccae during the dark phase, when corticosterone levels are elevated due to the diurnal rhythm.
Effects of i.n. M. vaccae administration on inflammation
Chronic subordinate colony housing causes spontaneous colitis (Füchsl et al., 2014; Langgartner et al., 2017; Reber et al., 2011) and aggravates DSS-induced colitis (Reber et al., 2008) , with the former but not the latter (Reber, unpublished data) being critically dependent on the presence of intestinal pathobionts (e.g., Helicobacter spp.).
As experiments in the current study were conducted under SPF conditions, all experimental mice were treated with DSS (1%) in the drinking water over 7 consecutive days before euthanasia, to assess the stress-protective effects of repeated i.n. M. vaccae administration on colonic inflammation. To avoid confounding of our colitis data by CSC effects on general drinking behavior, we normalized all physiological and immunological parameters to the amount of DSS [g] consumed. In confirmation of our hypothesis and extending the stressprotective effects of M. vaccae given s.c. prior to stress (Reber et al., 2016b) , M. vaccae Importantly, immunoregulatory and, thus, protective effects of i.n. administration of M.
vaccae in terms of stress-induced aggravation of DSS-induced colitis are in line with previous studies focusing on mycobacteria-derived heat shock protein 65 (hsp65), demonstrating i.n.
administration to be protective against atherosclerosis (Maron et al., 2002) and diabetes (Liang et al., 2010) . In support for the i.n. route per se to represent an attractive way to induce immunoregulation, Klingenberg and colleagues further demonstrated that i.n. administration of a fusion protein containing apolipoprotein B-100 was effective in reducing atherosclerotic lesions (Klingenberg et al., 2010) . Moreover, a reduced stroke size was found in a mouse stroke model after i.n. administration of myelin oligodendrocyte protein (Frenkel et al., 2003) .
As in both studies the immunoregulatory effects of i.n. administration were linked to the induction of Treg, which dampen overshooting immune responses by the secretion of antiinflammatory IL-10 and TGF-β, it seem that the nose-draining lymph node microenvironment (i.e. cervical lymph nodes and pulmonary lymph nodes) provides decisive signals for the DCs to induce a tolerogenic form of antigen presentation (Ruane et al., 2013; Unger et al., 2003) .
Therefore, it is likely that also M. vaccae, following translocation across the nasal epithelium, interacts with dendritic cells, which in turn facilitate induction of immunoregulatory cells at the systemic level and, consequently, promote immunoregulation also at distant sites, including the colon. Similar mechanisms have been proposed for systemic immunoregulatory effects following exposure to another bacterium with immunoregulatory properties, H. pylori (Arnold et al., 2011; Arnold et al., 2012) . Thus, the existing concept of a bidirectional gutlung axis (Hong et al., 2016; Samuelson et al., 2015; Sze et al., 2014) , which is based on the fact that immunological events in the lungs are able to affect gut microbiota, should perhaps be extended to a microbiome-gut-lung-nasal cavity axis. As a consequence, we hypothesize that M. vaccae administered via both the i.n. and s.c. route, will be able to induce immunoregulatory effects not only at the level of the gut, but also on a systemic level, (Chen et al., 1994) . Furthermore, intraepithelial CD8 + γδ T cells from the respiratory mucosa and from the small intestine have also been suggested to be involved in mucosal tolerance (Huang et al., 2004; McMenamin et al., 1991) . Future studies are, thus, required to elucidate the subsets of immune cells implicated in the protective effects against gut pathology after i.n. administration of M. vaccae.
Summary and future perspectives
In summary, this study is the first to demonstrate stress-protective effects of M. vaccae administered using the non-invasive i.n. route, especially concerning stress-induced aggravation of DSS-induced colitis. These findings set the stage for future studies investigating the underlying mechanisms with a focus on Treg induced in the nasal associated lymphoid tissue (NALT) and subsequently migrating into the gut. Given that social stress is difficult to predict for humans, the possibility of preventing negative stress consequences by repeated non-invasive i.n. administrations of aerosolized preparations of heat-killed M. vaccae during stressor exposure offers great potential for maintaining at least somatic health during times of chronic psychosocial stress/trauma. 
